INTRODUCTION
Sex differences in psychiatric disorders are well-recognized yet poorly understood clinical phenomena [1] [2] [3] . Neurodevelopmental disorders, including intellectual disability (ID), autism spectrum disorder (ASD), and attention-deficit hyperactivity disorder (ADHD), are more prevalent in males compared to females and have different clinical manifestations in males and in females [4] [5] [6] [7] [8] . Conversely, other disorders such as major depressive disorder ("depression") and anxiety disorders are nearly twice as prevalent in women than in men [9] [10] [11] [12] [13] . Females also experience increased symptom severity for depression and anxiety disorders and are diagnosed with more comorbidities than males [9, 12, 14, 15] (see Table 1 for prevalence of ASD, ADHD, depression, and anxiety). Understanding sex differences in these disorders has significant clinical implications for guiding diagnosis, treatment, and prevention in a sex-specific and individualized manner.
Sex differences in psychiatric disorders are the result of a complex interplay between genetic, hormonal, immunological, and psychosocial factors [2, 3, [16] [17] [18] [19] [20] [21] [22] [23] . Adding to this complexity, the diagnosis of psychiatric disorders is currently based on behaviorally defined DSM criteria (Diagnostic and Statistical Manual 5th edition, DSM-5; [24] ), and consequently most diagnoses likely reflect a heterogeneous group of disorders associated with different underlying biological mechanisms. Thus, comparisons of males and females with behaviorally defined DSM-5 disorders are likely confounded by heterogeneity. This heterogeneity further obscures efforts to gain a better understanding of sex differences in neurodevelopmental and psychiatric disorders.
Genetic conditions associated with known genetic risk factors can serve as tractable human models for elucidating the complex interactions between genetic factors, hormonal effects, and environmental influences on brain development and behavior. We posit that this framework bridges the gap between the study of murine models and the study of heterogenic populations with 'idiopathic' psychiatric conditions [25] . This framework has also been shown to allow for the study of complex human behavior such as social cognition and attention in relatively homogeneous populations [25, 26] . Sex chromosome aneuploidies (SCAs) are common genetic conditions, characterized by an abnormal number of X or Y chromosomes, resulting in aberrant gene expression and frequently in an anomalous sex hormone profile. Individuals with SCAs often present with a variable spectrum of cognitive and behavioral phenotype which includes weaknesses in executive functions (EF), social cognition, and learning disabilities [27, 28] . These neurobehavioral phenotypes frequently meet the criteria for DSM-5-based neurodevelopmental and psychiatric diagnoses such as ID, ASD, ADHD, learning disorders, depression, and anxiety disorders. Thus, SCAs serve as a promising model for examining the effects of aberrations in sex chromosome number and changes in hormonal profile on neuropsychiatric phenotype and its neural substrates in humans.
Several review papers from our lab [28, 29] and others [27, [30] [31] [32] [33] have examined the contribution of SCAs to our understanding of cognition [28-30, 32, 34-36] and the brain [28, [37] [38] [39] [40] . In this review, we will examine neurodevelopmental and psychiatric phenotypes in SCAs, and focus on the contribution of SCAs to our understanding of sex differences in neurodevelopmental and psychiatric disorders. Our first section includes a description of the four most common SCAs -Turner syndrome (X0; TS), Klinefelter syndrome (XXY; KS), XYY syndrome, and XXX syndrome. We also review neuroimaging data providing useful contrasts between SCAs in humans and murine models. We suggest that contrasting between SCAs, in addition to comparing each syndrome to TD controls, adds to our understanding of sex chromosomes effects on brain development. Our second section focuses on maleprevalent neurodevelopmental disorders such as ID, ASD, and ADHD. We review the existing literature on the association of neurodevelopmental disorders with SCAs and compare the rates and the behavioral profile of ASD and ADHD between the assessed SCAs. We also describe findings from existing genome-wide association studies (GWAS) in ADHD and ASD. Our third section focuses on female-prevalent disorders such as depression and anxiety disorders. We examine existing data pertaining to the prevalence of depression and anxiety in SCAs. We also address recent findings on neuroimmunological factors associated with depression and anxiety disorders. We suggest SCAs as promising models for examining the association between depression and anxiety disorders, immune dysfunction, and sex chromosome number and constitution. Finally, we discuss insights and future directions.
SEX CHROMOSOME ANEUPLOIDIES
Clinical characteristics of SCAs include disorder-specific, yet variable physical phenotype, aberrations in sex hormone levels (see Table 1 for hormonal status of the SCAs described in this review), congenital abnormalities, neurological symptoms, and other accompanying conditions such as autoimmune disorders. SCAs also present with an equally variable and somewhat SCAspecific profile of intellectual abilities and cognitive-behavioral phenotype [27-30, 36, 41-47] . The most common SCAs are TS, associated with complete or partial loss of one X chromosome (most commonly 45,X0, one in 1:2000 female livebirths) [48] , KS, associated with the addition of an X chromosome (most commonly 47, XXY, 1:450 male livebirths) [49] , XYY syndrome, associated with the addition of a single Y chromosome (most commonly 47, XYY, 1:1000 male livebirths) [48] , and XXX syndrome, associated with the addition of an X chromosome, (most commonly 47, XXX, 1:1000 female livebirths) [48] . Although an addition or a loss of a complete sex chromosome is the most common chromosomal aberration associated with SCAs, there are often variable karyotypes in each SCA including mosaic forms, ring chromosome (in TS), individuals who carry a higher number of X chromosomes (in KS), and other aberrations [29, 43] . Whereas TS is the only viable human monosomy, KS, XYY syndrome, and XXX syndrome are SCA trisomies. Due to their relatively subtle physical phenotype, trisomic SCAs are often underdiagnosed, with current estimates of only 50% of males with KS [49, 50] and approximately 15% of males with XYY syndrome being clinically identified [51] . While the reported prevalence of XXX syndrome is 1 in 1000 live female births, it was proposed that this syndrome is often underdiagnosed [27, 52] . [100] 0.5% [100] 5 % [ 65] 5 -10% [43, 102] 3 0 -40% [74] 0 % [ 45] ADHD in adolescents 13% [197] 4.2% [197] 25% [62] 36% [43] 72% [70] 49% [102] Depression 14.2% [11] 24.2% [11] 41% [170] 12% Each sex chromosome is composed of two pseudoautosomal regions (PAR1 and PAR2), which are conserved homologous sequences on the X and Y chromosomes, in addition to a sex chromosome-specific region which contains a greatly increased amount of genetic material on the X chromosome relative to the Y chromosome [53] . It is assumed that due to the large difference in the amount of genetic material between the X and Y chromosomes, one of two X chromosomes undergoes the process of Xchromosome inactivation in typically developing (TD) females. However, up to 15% of the genes on the inactivated X chromosome escape inactivation, and these genes have been prominent candidates for sexual dimorphism [54] . In addition, the degree of X-chromosome inactivation is thought to vary between individuals and between different tissues, and is dynamic throughout the life span [55, 56] .
Therefore, females with TS lack one copy of the PAR1 and PAR2 regions compared to TD males and females, in addition to absent expression of X-chromosome inactivation escape genes compared to TD females [57] . Conversely, males with KS have an extra copy of the PAR1 and PAR2 regions compared to TD males and females, in addition to genes that escape inactivation from the second X chromosome compared to TD males [58, 59] . The additional X chromosome is also inactivated in XXX syndrome [60] . However, it is unclear to what degree this additional X chromosome escapes inactivation [52] .
Females with TS are typically characterized by short stature and premature ovarian failure as early as 15 weeks of gestation [61] , which results in associated sex hormone deficiencies and absent development of secondary sexual characteristics during puberty. Other prominent features can include congenital renal and cardiovascular defects, webbed neck, sensorineural hearing loss, and short stature [28] . TS is associated with neurodevelopmental and psychiatric disorders including a significantly elevated risk of ADHD [62] [63] [64] , ASD [65] , anxiety, and depression [66] .
Males with KS are typically tall, have a genycoid habitus, small testes, and are thought to have similar sex hormone concentrations as TD boys until the onset of puberty (although this notion has been recently challenged) [67, 68] . However, testosterone production stops early or mid-puberty in most boys with KS, resulting in varying degree of hypogonadotropic hypogonadism and infertility. KS is associated with an increased risk of ADHD, ASD, anxiety, and depression [31, [69] [70] [71] [72] .
Males with XYY syndrome have an increased risk for seizures, are usually tall, and have relatively normal testicular function and sex hormone profile [73, 74] . Like KS and TS, XYY syndrome has been associated with neurodevelopmental disorders, including ADHD and ASD [45, 70, 73, 75, 76] .
Females with XXX syndrome usually demonstrate typical growth and development but may present with seizures, genitourinary abnormalities, and moderately tall stature. Pubertal onset and sexual development are normal, but there have been some reports of premature ovarian failure. XXX syndrome has been associated with ADHD, anxiety, and depression [27] .
The sex chromosomes and neural structure and function Neurodevelopmental disorders such as ASD and ADHD have been associated with aberrations in the structure and function of neural circuitry [77] [78] [79] [80] [81] [82] . SCAs such as KS and TS have individually been associated with structural and functional aberrations in the neural circuitry of attention, EF, and social cognition/functioning [25, 28, 39, 63, [83] [84] [85] . These studies usually compare an SCA (e.g., TS) relative to sex-matched TD controls. However, using this approach, it is difficult to determine specific associations between sex chromosome number/constitution and aberrations in neural structure and function. Studies which directly compare individuals with different SCAs allow us to overcome this limitation.
Hong et al. [84] compared children with KS, TS, and TD males and females in early puberty using volume-based morphometry.
Individuals with both SCAs demonstrated highly convergent patterns of brain volumetric differences compared to sexmatched TD controls. In addition, the number of sex chromosomes was associated with increased temporo-insular gray matter volumes in a linear, dose-dependent manner and inversely associated with parieto-occipital volumes. Raznahan et al. [86] compared structural magnetic resonance imaging data between individuals with varied SCAs (KS, XYY syndrome, XXX syndrome, XXYY syndrome) and TD males and females. This study showed that X and Y chromosomes had opposing effects on overall brain size. Y-chromosome number was associated with increased total brain volume, cortical volume, surface area, and cortical thickness, while X-chromosome number was associated with a decrease in all these measures except for cortical thickness, which was unaltered. Conversely, X and Y chromosomes were observed to have a convergent dose-dependent effect on fronto-temporal and occipito-parietal circuitry involved in social perception, emotion, communication, and decision making including reward processing. The authors concluded that these convergent X-chromosome and Y-chromosome effects may result from influences of shared genes. Alternatively, they suggested that a convergent pattern may also be associated with sex chromosome number (in contrast to sex chromosome constitution), as there appeared to be a stepwise correlation between overall sex chromosome number and cortical anatomy in areas of convergent influence. A different comparison of these SCAs by the same group found that while hemispheric lateralization patterns were preserved across all studied SCAs, Xchromosome aneuploidy accentuated normative rightward inferior frontal asymmetries, while Y-chromosome aneuploidy reversed normative rightward medial prefrontal and lateral temporal hemispheric asymmetries [87] .
In studies utilizing comparisons between murine models of TS and KS (X0 and XXY mice) and control mice (XX and XY) [88, 89] , XY and XXY male mice had increased regional brain volumes in subcortical structures, the amygdala, and the stria terminalis compared to XX female mice. Conversely, XY and XXY male mice had decreased regional volumes in the somatosensory and cerebellar cortices compared to XX female mice. Based on these results, the authors suggest that an extra X chromosome in males does not prevent penetrance of normative sexual dimorphism. An examination of anatomical variation between X0 compared to XX control mice and XXY compared to XY control mice showed a pattern of reciprocal differences in brain volumes between X0 and XXY mice. For example, the amygdala volume was larger in XXY compared to XY mice and smaller in X0 compared to XX mice. This pattern was observed in 70% of all voxels with overlapping XO-XX and XXY-XY differences. Taken together, these findings suggest strong evidence for direct X-chromosome gene-dosage effects on brain volume differences.
Outlining the unique associations between sex chromosome number, sex chromosome constitution, and neurodevelopmental trajectories provides clues regarding the identity and location of sex chromosome genes involved in neurodevelopment. For example, PAR genes and X-Y pair genes are more likely to be associated with neural variation that follows a stepwise pattern when overall sex chromosome number is increased. In addition, the apparent convergence and divergence between Xchromosome and Y-chromosome effects may explain different patterns of neural structure and function in males and females, and may be related to sexual dimorphism in neurodevelopmental disorders.
NEURODEVELOPMENTAL DISORDERS
The X chromosome contains genes that are associated with intellectual function, and X-chromosome-linked syndromes have been shown to increase risk for ID. ID is more prevalent and more severe in males, who have only one copy of the X chromosome. X-linked ID comprises 5-10% of all ID cases, a disproportionately high fraction of these disorders when considering the size of the X chromosome in the context of the entire genome [90, 91] . Notably, high incidence of neurodevelopmental disorders such as ASD are reported in X-linked ID. As an example, high rates of ASD associated behaviors are observed in X-linked genetic conditions such as fragile X syndrome and Rett syndrome [26, 92, 93] .
ID and cognition in SCAs General intellectual ability seems to be mildly affected in all SCAs, and although general intelligence is relatively preserved and is in the average to low-average range in all SCAs, learning disorders are common [27, 28, 30, 32, 41, 42, 47, 73, 75, 94] . As well, there are many studies pointing to a unique cognitive profile in different SCA subgroups.
Overall, SCAs caused by an addition of a single sex chromosome (KS, XYY syndrome, and XXX syndrome) present with verbal-related and language-related weaknesses [27, 28, 30, 32, 36, 42, 45, 46, 70, 73, 95, 96] . Relatively preserved visuospatial skills are observed in the two male trisomies, KS and XYY syndrome [29, 30, 95] . Conversely, females with TS present with normal or enhanced verbal skills along with significant visuospatial weaknesses [34, 42, 47, 97] . Females with XXX syndrome have been suggested to have a combined deficit pattern with weaknesses in both verbal and visuospatial domains [27, 30, 41] . Notably, cognitive abilities in XXX syndrome have been less extensively studied than in TS, KS, and XYY syndrome, and existing data are based on small sample sizes.
The effects of sex chromosomes on cognition Relative verbal weaknesses are observed in the three SCA trisomies (KS, XYY syndrome, and XXX syndrome) irrespective of sex, while preserved verbal skills are seen in TS. This suggests that sex chromosome number may exert more influence over the development of verbal cognitive abilities relative to specific sex chromosome constitution or hormonal profile. Conversely, visuospatial abilities, which are adversely affected in females with TS and XXX syndrome but preserved in males with KS and XYY syndrome, may be protected by the Y chromosome or male hormonal profile.
Neurodevelopmental disorders: ASD ASD represents a group of heterogeneous neurodevelopmental disorders [92, 98] characterized by the early onset of social and communication deficits and a pattern of restricted and repetitive behaviors. ASD prevalence is nearly 2% in the general population [99] , and the male-to-female prevalence ratio is 4-5:1 [100, 101] .
Genetic and prenatal or perinatal risk factors have been associated with ASD. Genetic heritability has been suggested to account for 37-55% of ASD variance [93, 102, 103] . A significantly increased incidence of ASD has been associated with several relatively well-defined X-linked conditions such as fragile X syndrome and Rett syndrome [26, 92, 93] . In addition, numerous prenatal and perinatal environmental factors have been linked with an increased risk for ASD [93, 104, 105] . However, the etiology of most ASD cases remains unknown.
ASD in SCAs
SCAs have been associated with an increased incidence of ASD diagnosis ( Fig. 1 ; see Table 1 for ASD prevalence in SCAs described in this review), and individuals with SCAs often present with ASD traits even when diagnostic criteria for ASD are not fully met.
Approximately 5% of females with TS are diagnosed with ASD [65] , and weaknesses in social cognition have been observed in TS [106] [107] [108] [109] . Females with TS exhibit weaknesses in face recognition, facial affect discrimination (especially of fear or anger), interpretation of social cues, theory of mind, and problems in social communication. They also may manifest problems in eye tracking and gaze processing, and present with restricted interests or repetitive behaviors [47, 107, [110] [111] [112] [113] [114] [115] . An overlap between the TS behavioral phenotype and 'idiopathic ASD' has been previously suggested [110] . However, our study [47] found that although girls (aged 3 to 12 years) with TS (n = 42) had significant social cognition weaknesses and social functioning problems compared to TD girls (n = 32), they had intact social motivation and social appetitive behavior.
Previous studies show that approximately 11-12% of individuals with KS meet various questionnaire-based criteria for ASD or receive a diagnosis of ASD [45, 116] . Males with KS have been previously described as shy, socially anxious, and socially withdrawn [33, [117] [118] [119] [120] . Bruining et al. [71] systematically assessed 51 individuals with KS (aged 6 to 19 years) and found that 27% of participants met the criteria for ASD using the Autism Diagnostic Interview-Revised. In comparison, Tartaglia et al. [43] found that 5% (1/20) individuals with KS (aged 6 to 21 years) met the ASD criteria using the Autism Diagnostic Observation Schedule (ADOS).
In systematic assessments of social cognition and functioning domains, men with KS were less accurate in the perception of social-emotional cues such as facial expression. Additionally, they exhibited reduced empathic understanding, weaknesses in identifying and verbalizing emotions, problems in interpreting affective prosody, and reduced eye contact [121] [122] [123] . It is important to note that males with KS have well-described verbal difficulties that are likely to interfere with social communication [44] , which may, in part, be related to increased risk for ASD in KS.
Studies examining ASD phenotype in XYY syndrome are relatively sparse. Based on several case series reports, it has been suggested that 20-30% of individuals diagnosed with XYY syndrome receive an ASD diagnosis [96] . In a recent systematic study [116] boys (aged 4 to 15 years) with XYY syndrome (n = 26), boys with KS (n = 82) and sex-matched TD controls (n = 50) were screened for ASD using the Social Communication Questionnaire (SCQ). Half of the boys with XYY syndrome vs. 12% of boys with KS and none of the control group scored above the cutoff score on the SCQ, suggesting an increased risk of ASD in XYY syndrome.
Unlike in TS, KS, and XYY syndrome, the available data on XXX syndrome do not find an increased risk of ASD [45] , and there are only a few case reports of ASD in girls with this disorder [124] .
The effects of the sex chromosomes on ASD Studies comparing SCAs on social cognition and social functioning provide insights on the effects of sex chromosome number and constitution on ASD risk. Bishop et al. [45] compared parental assessment of socialization and communication skills in the three SCA trisomies (KS, XYY syndrome, and XXX syndrome) using the SCQ, the Vineland Adaptive Behavioral Scale, and the Children's Communication Checklist-2. They found that none of the 58 girls with XXX syndrome, 11% (2/19) of boys with KS, and 20% (11/58) of boys with XYY syndrome had autistic traits. These findings are consistent with those of Ross et al. [116] , who found increased ASD traits in boys with XYY syndrome (50%) relative to boys with KS (12%) and to TD controls. Taken together, these results suggest that the Y chromosome may predispose to ASD-related symptoms, and/or that an extra X chromosome may be protective, even in the context of aberrations in sex chromosome number. A predisposing role for the Y chromosome in ASD is further supported by a study that compared autistic traits in individuals (aged 4 to 18 years) with KS (n = 102), XYY syndrome (n = 40), and XXYY syndrome (n = 32), a rare SCA, using the Social Responsiveness Scale (SRS) [76] . In all three SCA groups, there were significantly more individuals with an SRS score in the severe range, compared to an SRS-normative sample. However, while individuals with XYY syndrome and XXYY syndrome had comparable social problems and autistic symptomatology, individuals with KS were affected to a lesser degree. Further addressing this issue, a recent study [102] compared ASD phenotype in males (aged 3 to 25 years) with KS (n = 20), XYY syndrome (n = 57), and XXYY syndrome (n = 21) using the ADOS and DSM-5 criteria. The authors report an increased rate of ASD diagnosis when Ychromosome number is increased, 39% (22/57) in XYY syndrome and 52% (11/21) in XXYY syndrome vs. 10% (2/20) in KS. These data suggest that increased Y-chromosome number rather than increased X-chromosome number may be associated with higher ASD risk.
An additional study by Lee et al. [125] compared various supernumerary SCAs using the SRS. This study examined the dose effect of supernumerary X chromosomes and the effects of an additional Y chromosome. Lee et al. [125] compared TD girls to boys with KS and girls with XXX syndrome (a conjoint + 1 X group) and to individuals with rare supernumerary SCAs such as XXXX syndrome and XXXY syndrome (a conjoint + 2/3 X group). They also compared TD boys to boys with XYY syndrome (+1Y). This study confirmed that the addition of a single Y chromosome was associated with more autistic traits. However, while the authors propose that increased X-chromosome number was also associated with more autistic traits, no difference was found between +1X or +2/3X SCAs, suggesting that X-chromosome effects are not necessarily correlated with these traits in a dose-dependent manner. A limitation of Lee et al.'s [125] study design is the utilization of conjoint groups of SCAs (the inclusion of the X and the Y chromosome in the same group, e.g., females with XXX syndrome together with males with KS). This design prevents a more specific examination of the effects of overall sex chromosome number, specific X-chromosome and Y-chromosome effects, and does not specify these from the effects of hormonal profile.
Neurodevelopmental disorders: ADHD ADHD is the most prevalent psychiatric condition of childhood (~10%) [126] and is characterized by inattention and/or hyperactivity-impulsivity. ADHD has been extensively linked with EF weaknesses such as reasoning, planning, inhibition, set-shifting, and working memory [127] .
Differences between males and females in prevalence, comorbidities, and clinical manifestations are hallmarks of ADHD, with a male-to-female prevalence ratio of about 3:1 [7, 8, 128, 129] . Males with ADHD display similar levels of attention problems but increased levels of hyperactivity and impulsivity relative to females with a similar diagnosis [5, 7, 130] . Therefore, the current DSM-5 diagnostic criteria, assigning equal diagnostic importance to attention problems and hyperactivity/impulsivity, may reflect a Fig. 1 The effects of sex chromosome number and constitution on the rate of autism spectrum disorder and attention-deficit hyperactivity disorder in sex chromosome aneuploidies compared to typically developing males and females. Rate comparisons for a autism spectrum disorder, and b attention-deficit hyperactivity disorder between four sex chromosome aneuploidies (SCAs)-XYY syndrome (XYY), Klinefelter syndrome (XXY), XXX syndrome (XXX), and Turner syndrome (X0), and typically developing males (XY) and females (XX). The text indicates the effects of an extra X or Y chromosome or haploinsufficiency associated with these comparisons. Green represents SCA comparisons to a male sex phenotype; orange represents SCA comparisons to a female sex phenotype. Prevalence data are summarized in Table 1 . When a range of prevalence is provided, we use the lower conservative prevalence rate predominantly male representation of this disorder [7, [130] [131] [132] , that may result in under-diagnosis and under-treatment in females with ADHD.
ADHD in SCAs
All four SCAs, but especially KS and TS, have been associated with significant ADHD-like symptoms and EF weaknesses (Table 1 ) [27, 32, 34, 43, 62, 63, [70] [71] [72] [73] . Girls with TS have been described as impulsive, hyperactive, and inattentive [106, 108, 133] . Using the DSM-IV diagnostic criteria for ADHD, Russell et al. [62] showed that approximately 25% of 50 girls and adolescents with TS met the diagnostic criteria for ADHD. Similarly, we recently reported that over half of girls (aged 5 to 12 years) with TS (n = 49) had significant ADHD-like symptoms compared to sex-matched TD controls (n = 37). Girls with TS and ADHD-like symptoms were as inattentive and hyperactive as males with idiopathic ADHD and more hyperactive than girls with idiopathic ADHD [63] . With respect to EF, girls with TS exhibit extensive problems including weaknesses in working memory and in the ability to plan, organize, and execute multiple-step problem solving. Additional problems are observed in inhibition, attention, and cognitive flexibility, although results for cognitive flexibility are not consistent across studies [34, 63, 112, 134, 135] .
Although it has been noted clinically and in population studies that boys with KS have increased rates of ADHD [71, 72] , only a handful of studies systematically assessed attention and hyperactivity in boys with this condition. Tartaglia et al. [43] reported that approximately one-third of 57 males with KS (aged 6 to 21 years) met the DSM-IV diagnostic criteria for ADHD. In a study that compared boys (aged 4 to 15 years) with KS (n = 82), boys with XYY syndrome (n = 26) and TD boys (n = 50) using the Child Behavior Checklist (CBCL) and the Conners' Parent Rating ScaleRevised (CPRS-R), nearly half of boys and adolescents with KS displayed significantly elevated rates of ADHD compared to TD boys [116] . Males with KS exhibit specific EF weaknesses in working memory, planning and organization skills, response inhibition, and shifting [94, 95, [136] [137] [138] [139] .
XYY syndrome has also been associated with ADHD [74, 140] . Fifty-two percent of males with XYY syndrome were reported to meet the diagnostic criteria for ADHD based on preexisting psychiatric diagnoses, and 76% met the diagnostic criteria for ADHD based on parent questionnaires (the parent version of the Conners' Rating Scale, or the Swanson, Nolan, and Pelham Questionnaire-Fourth Edition) [70, 73] . Ross et al. [75] compared boys (aged 4 to 17 years) with KS (n = 93), boys with XYY syndrome (n = 21), and TD boys (n = 36) using the Conners' Continuous Performance Test (CPT-II or Kiddie CPT) and the DelisKaplan Executive Function System Color-Word Interference Test. Overall, males with XYY syndrome and KS had comparable EF weaknesses relative to TD controls on measures of EF and attention, although cognitive flexibility (including inhibition and switching) was more impaired in the XYY syndrome group than the KS group.
XXX syndrome has also been associated with ADHD [141, 142] . More than half of 25 girls and adolescents with XXX syndrome (aged 6 to 20 years) met the criteria for ADHD based on parents' ratings [70] . However, none of these studies included more detailed rates of attention problems, hyperactivity, and impulsivity, or evaluation of EF skills.
The effects of sex chromosomes on ADHD Females with TS have been described as hyperactive and impulsive, and hyperactivity levels in this group were comparable to the levels measured in males with idiopathic ADHD, but lower than the hyperactivity levels in females with idiopathic ADHD [63] . In KS, Ross et al. [94] systematically assessed attention and response inhibition in boys and adolescents and showed that impulsivity was not increased in their study group, and attention problems were only seen in children younger than 10 years. An additional study by the same group revealed that only attention problems, but not hyperactivity, were reported by parents using the CPRS-R and CBCL [116] . These findings imply that the number of X chromosomes might affect sexual dimorphism in ADHD profile (e.g., increased attention problems but not hyperactivity in females with idiopathic ADHD and children with KS), consistent with the well-described features of males and females with 'idiopathic' ADHD.
The sex chromosomes and GWAS Next, we will review the identified effects of SCAs considering recent GWAS of neurodevelopmental disorders. Specifically, we focus on genes identified as linked to specific neurodevelopmental disorders (ADHD, ASD). A review of the literature was conducted with the GWAS catalog (https://www.ebi.ac.uk/gwas/). We used "autism spectrum disorder" and "attention-deficit hyperactivity disorder" as search terms. While 86 SNPs were associated with ASD and 26 SNPs were associated with ADHD (p values <5.0 × 10 −8 ), all of them were located on autosomal genes and none were identified on the X chromosome. These findings are surprising given that ASD and ADHD are sexually dimorphic conditions with respect to prevalence, suggesting that sex chromosomes might exert a significant influence on these conditions [143] . In addition, sex chromosome number and constitution are associated with ASD and ADHD symptoms in SCAs. Therefore, it is plausible that exclusion of the X chromosome from GWAS analyses [143, 144] may contribute to these findings.
Therefore, we examined how many studies of ASD and ADHD in the GWAS catalog included sex chromosomes in their analysis. Our investigation revealed that only half (54%) of the GWAS studies in ASD and only 15% of the GWAS studies in ADHD included the X chromosome in their analyses and reports. Other fields of medicine also report an exclusion of sex chromosomes and unexpected lack of findings for the sex chromosomes in GWAS studies [144] . One possible solution for this issue is reanalysis of existing GWAS data. Indeed, a focused survey of the literature reveals that when re-analyses included the X chromosome, novel and biologically relevant genetic findings were detected for diabetes mellitus type 2 [145] , prostate cancer [146] , and orofacial clefts [147] . To the best of our knowledge, such reanalyses have not yet been conducted for ASD and ADHD. Such data from GWAS, combined with data from the study of SCAs, could be of great benefit to the understanding of associations between sex chromosome genes and neurodevelopmental disorders.
DEPRESSION AND ANXIETY DISORDERS
Depression and anxiety disorders are highly comorbid and share familial risk. Women have a 1.5-2-fold increased lifetime prevalence of depression (24%) and most anxiety disorders (30.5% overall for all anxiety disorders) compared with men [11, 13, 148] , with the exception of obsessive-compulsive disorder and bipolar disorder which are similarly prevalent in men and women [10, 13, 149, 150] .
Socioeconomic and psychological factors, differential exposure to trauma, and hormonal factors likely contribute to the observed sex differences in depression and anxiety disorders [2, 18, [151] [152] [153] [154] [155] [156] [157] . Sex differences in depression and anxiety emerge around puberty [158] . Moreover, women have an elevated risk of depression and anxiety disorders during various stages of their reproductive cycle including pre-menstruation, in the postpartum period, and while entering menopause [18, [153] [154] [155] [156] [158] [159] [160] . These phenomena have given rise to theories focusing on hormonal factors as major contributors to sex differences in depression and anxiety disorders [158, [161] [162] [163] [164] . Nevertheless, there is growing evidence that additional sexually dimorphic biological factors, including immune system function and inflammation responses [153, 165] , and sex chromosome factors [166, 167] are associated with observed sex differences in depression and anxiety.
Depression and anxiety in SCAs Compared to ADHD, ASD, and learning disorders, depression and anxiety disorders have not been as extensively studied amongst individuals with SCAs (Table 1) . When assessed, the reported increased prevalence of depression and anxiety disorders has been attributed mostly to the psychosocial burden of having an SCA. For example in TS, increased prevalence of depression and anxiety disorders has been attributed to the lack of secondary sex characteristics [168] .
Females with TS have been described as shy and socially anxious [169] , and girls and adolescents with TS have been reported to have increased anxiety and depression [66, 107, 109] . In a systematic assessment of current and lifetime psychiatric illness in 100 women with TS, 41% of women with TS met the diagnostic criteria for current or past depressive disorder [170] , which is a 1.7-fold increase in depression relative to females in the general population [11, 13, 148] .
Increased depression in TS may, in part, be related to hormone deficiency. Estrogen-depleted and progesterone-depleted states such as menopause and postpartum have also been related to onset and exacerbation of depression and anxiety in TD women [153] [154] [155] [158] [159] [160] . Premature ovarian failure has been shown in female fetuses with TS as early as 15 weeks after gestation [61] . This finding is likely to influence various aspects of early neural development, which might predispose girls with TS to depression. Hormone replacement therapy is commonly initiated in girls with TS around the age of 11 to 14 years, and doses are adjusted later in development. Exogenous hormone replacement therapy is intended to partly mimic the physiological hormonal cycle [165, 171] and may affect mood and anxiety. In a recent case report of a woman with TS, severe postpartum depression was responsive to hormonal supplementation, suggesting a role for hormone replacement therapy in the treatment of depression in women with TS [172] . Depression and anxiety in TS may also be related to effectiveness of social functioning. Social motivation does not seem to be impaired in TS [47] , a combination which could predispose to anxiety and depression.
There have also been sporadic reports of increased depression and anxiety in KS [69] . Twenty-four percent of boys (n = 51, aged 6 to 19 years) with KS were diagnosed with depression and 18% were diagnosed with anxiety using the Kiddie-Sads-Present and Lifetime Version [71] . Lower rates, 14% for depression and 12% for anxiety, were reported in boys and adolescents with KS (n = 57, aged 6 to 21 years) using the parent rating scale of the Behavior Assessment System for Children, Second Edition [43] . Nearly 70% of 310 individuals with KS (mostly postpubertal, aged 14 to 75 years) reported clinically significant rates of depression using the Center for Epidemiologic Studies Depression Scale [173] , suggesting that males with KS may have an increased risk for depression later in life.
Against this background, exogenous androgen decreased rates of anxiety and depression in pre-pubertal boys with KS in a double-blind controlled study [174] , and also in a small cohort of adults with KS who had hypogonadism [118] . However, testosterone administration was not double-blinded or controlled in the study of adults with KS. In addition, testosterone doses administered to pre-pubertal children examined by Ross et al. [174] were higher than physiological testosterone secretion at this age and did not follow physiological secretion patterns. While these data suggest that depression and anxiety in KS may be related to the hormonal aberrations, one cannot infer such relations from treatment response.
Studies assessing depression and anxiety in XYY syndrome are sparse. A study examining various behavioral aspects in boys (aged 4 to 15 years) with XYY syndrome (n = 26) relative to TD boys (n = 50) and boys with KS (n = 82) did not find increased depression and anxiety in this group according to self-report questionnaires (the Children's depression inventory (CDI), and the Revised Child's Manifest Anxiety Scale) [116] . Similar results were observed by Bardsley et al. [73] , who examined depression and anxiety using the CBCL and CDI-2 in 90 males with XYY syndrome. No increase in depression and anxiety relative to the general population was observed.
There is also a relative paucity of studies on depression and anxiety disorders in XXX syndrome [27] . Yet, an elevated risk of depression/dysthymia and anxiety disorders have been reported in small samples [124, 175] .
Taken together, limited results for XYY syndrome, XXX syndrome, and KS suggest that the extra X chromosome and not an extra Y chromosome might be associated with susceptibility to depression and anxiety disorders in these SCAs. Results for individuals with TS are potentially more difficult to interpret, due to the strong moderating effect of hormones on depression and anxiety, and the early onset and continuous aberrations in hormonal profile in TS. More systematic studies in SCAs including studies comparing different SCAs are needed to accurately examine associations between aberrations in the number and constitution of sex chromosomes with depression and anxiety disorders.
The effects of sex chromosomes on autoimmunity, depression, and anxiety In addition to the association of hormonal abnormalities with depression and anxiety in TS and possibly in KS, the number and constitution of sex chromosomes may also influence the risk of depression and anxiety disorders in SCAs through other biological mechanisms. Recent evidence highlights the role of immune system dysfunction and inflammation in psychiatric disorders, and specifically in the development of depression and anxiety disorders [176] [177] [178] .
An intriguing subset of immune disorders is autoimmune diseases, a group of heterogeneous disorders in which the immune system attacks the self. There is a high comorbidity between anxiety and depression and autoimmune diseases such as thyroid autoimmune disorders [179] , in which thyroid dysregulation can result in anxiety and depressive symptoms in addition to agitation and other neuropsychiatric symptoms. Another example is systemic lupus erythematosus (SLE), in which depression and anxiety are highly prevalent [180] .
Immune activation is sexually dimorphic [181] , and the sex chromosomes are implicated in immune system function. The Y chromosome contains genes that regulate immune gene expression [182] and the X chromosome contains more immune-related genes than any other chromosome [183] . Indeed, most autoimmune diseases are more prevalent in females than in males, even though there are a few autoimmune diseases that are more prevalent in males such as reactive arthritis and ankylosing spondylitis [181, 184] .
Autoimmune diseases are also generally more prevalent in SCAs than in the general population [183, 185] , with variable prevalence amongst different SCAs. Jorgensen et al. [186] found that females with TS have an overall twofold increased risk of autoimmune diseases. Further, they seem to have a particularly increased risk of male-predominant autoimmune diseases (a fourfold increase), relative to female-predominant autoimmune diseases (a 1.7-fold increase) (Fig. 2) . Therefore, the authors suggest that autoimmunity pattern in TS may be related to X monosomy.
However, the autoimmune disease that has been most extensively associated with TS is Hashimoto's thyroiditis (12-fold increased risk), a condition that often results in hypothyroidism and is also female-predominant in TD individuals (8:1 female-tomale ratio in the general population) [183, [186] [187] [188] [189] . One suggested explanation for the high prevalence of Hashimoto's thyroiditis in TS is increased production of antithyroid antibodies. Indeed, one study among girls with TS (n = 84) showed that nearly 25% had clinical hypothyroidism and 40-50% had positive thyroid antibodies (antithyroperoxidase and antithyroglobulin antibodies) that are associated with Hashimoto's thyroiditis and Graves' disease [190] . The finding of increased rates of Hashimoto's thyroiditis in TS is not in line with the hypothesis that females with TS show more male-prevalent autoimmune diseases due to their X monosomy and with findings of increased production of antithyroid antibodies in females relative to males in animal models [191] .
Males with KS have an increased risk of female-predominant autoimmune diseases such as SLE and Sjogren's syndrome [192] ( Fig. 2) . Specifically, a 14-fold increase in SLE prevalence is observed in KS relative to TD males, and SLE is as prevalent in males with KS as in TD females. SLE prevalence is also increased in XXX syndrome [193] . Taken together, the increased risk of SLE in KS and XXX syndrome indicates a link to X-chromosome number [194] . It has recently been shown that specific immune-related genes such as Toll-like receptor 7 (TLR7) gene, a key pathogenic factor in SLE [195] , are located on the X chromosome.
In conclusion, data suggest an increased risk of depression and anxiety along with evidence of X-chromosome-associated changes in autoimmunity in KS and TS. In non-syndromic populations, the association between depression and anxiety disorders and the immune system is increasingly described. These studies are limited by the diversity of autoimmune 2 The prevalence of autoimmune diseases among individuals with a Turner syndrome and b Klinefelter syndrome. Green represents male-predominant autoimmune diseases in the general population; orange represents female-predominant autoimmune diseases in the general population. Data retrieved from Seminog et al. [192] for Klinefelter syndrome and Goldacre and Seminog [198] for Turner syndrome diseases and low rates of specific autoimmune disorders in the general population, as well as by heterogeneity of depression and anxiety disorders in the general population. The study of SCAs not only overcomes these limitations ( Figs. 1 and 2 ), but also offers the opportunity to examine the effects of sex chromosomes on interactions between autoimmunity, depression, and anxiety disorders.
CLINICAL IMPLICATIONS
As described in this review, individuals with SCAs present with an array of neurodevelopmental and psychiatric conditions. Since SCAs are the most common aneuploidy in humans, affecting 1:400 livebirths overall [48] , it is essential to recognize psychiatric morbidity as part of SCAs' clinical presentation. Furthermore, awareness of the increased risk of neurodevelopmental conditions in this population might encourage early intervention that has the potential to improve the developmental trajectories of affected children. In older individuals, increasing our clinical vigilance for depression and anxiety disorders in individuals with SCAs can promote proper treatment of these disabling symptoms.
INSIGHTS AND FUTURE DIRECTIONS
Based on the reviewed literature, we suggest that: 1. Overall sex chromosome number affects behavioral phenotype: Increased ASD rates and social cognition weakness have been described in TS. In addition, increases in sex chromosome number in males appear to be related to a greater risk for ASDassociated symtomes. This suggests that aberrations in overall sex chromosome number may predispose one to an ASD phenotype [102] .
2. The Y chromosome is associated with increased susceptibility to ASD traits: In SCAs there are sex chromosome constitutional changes associated with variations in cognitive-behavioral phenotype. Existing data suggest that there is no increase in ASD prevalence in females with XXX syndrome, despite the aberration in sex chromosome number in this condition. In addition, although studies comparing ASD phenotype in KS and XYY syndrome (the two male SCA trisomies) report increased ASD traits in both, rates of ASD are higher in XYY syndrome than in KS. Taken together, these data suggest that the Y chromosome in and of itself may be associated with an increase in ASD susceptibility.
3. Although all SCAs are associated with susceptibility to ADHD, variations in clinical presentation between different SCAs may reflect sexual dimorphism in this disorder: Females with TS have comparable rates of hyperactivity and attention problems to males with idiopathic ADHD. Conversely, several studies suggest that young males with KS present with attention problems, but not with hyperactivity.
4. X-chromosome number can affect behavior through various mechanisms: The immune system is sexually dimorphic, and immune system dysfunction has recently been associated with depression and anxiety. X-chromosome number may be related to sex differences in autoimmunity in SCAs. Thus, these common genetic conditions have potential to serve as intriguing model systems for examining sex chromosome association with immune system dysfunction in depression and anxiety.
5. Direct comparisons between different SCAs provide important clues about sex chromosome effects on neurodevelopment: As evident from reviewed prevalence, behavioral, neuroimaging, and animal-model studies, one of the most powerful tools for examining sex chromosome effects are direct comparisons between multiple SCAs in addition to comparisons with TD controls. These study designs provide a more lucid examination of the effects of sex chromosome number and constitution on neurodevelopment, and supply clues regarding the identity and location of candidate genes affecting neurodevelopmental trajectories and psychopathology.
6. There is a need for inclusion of the sex chromosomes in GWAS of ADHD and ASD; re-analyses of existing GWAS to include the sex chromosomes can potentially provide unique data and new insights: As evident from results of our search of existing GWAS data, a substantial percentage of existing studies in ADHD and ASD did not include the sex chromosomes in their analyses. Based on apparent sexual dimorphism in these neurodevelopmental disorders, it is likely that the exclusion of sex chromosomes from these analyses has hindered the discovery of new candidate genes involved in these conditions. Several limitations should be considered when attempting to interpret the reviewed studies. One is that the available data come from only a handful of studies on each syndrome. The second limitation is related to ascertainment bias that is inherent in studies of genetically defined conditions. In SCAs, this is even more significant given the variability in phenotype and assumption that many individuals with SCAs (presumably with less affected phenotype) are not diagnosed. The third limitation is related to our choice to use the current psychiatric nosology (DSM-5). SCAs are specifically associated with the absence of an Xchromosome (TS) or additional sex chromosomes (KS, XYY syndrome, XXX syndrome, and other rarer SCAs). This, in turn, is thought to lead to aberrations in cognition and behavior. However, only some of the cognitive-behavioral manifestations in individuals with SCAs can be captured through the current psychiatric nosology. While we believe that characterizing behavior using the psychiatric nosology may allow for generalization of our findings, the symptom threshold required for DSM-5 diagnoses cannot identify the full spectrum of aberrant behaviors in these conditions.
To summarize, the study of SCAs in psychiatry is a clinical research framework that provides us with the opportunity to study sex differences in humans. In this framework, we utilize a unique occurrence in nature, where the number and constitution of the X and the Y chromosomes are the modified factor, an experiment usually only available in the study of animal models [167] . Together, the insight gained from the study of SCAs, animal models [167] , and genetic studies of large cohorts with 'idiopathic' psychiatric conditions (that do not omit sex chromosomes from their analyses) [144, 196] have the potential to overcome many challenges in the study of sexual dimorphism in psychiatric and neurodevelopmental disorders.
